. This is the first report of an engineered yeast strain that can replace up to 90% of the enzymes required for raw starch hydrolysis, and thus contributes to the realisation of a CBP yeast for starch-based biofuel production.
INTRODUCTION
The growing global population depends heavily on fossil fuels as the major energy source, but the impending depletion of fossil fuels and negative environmental impacts associated with their use have necessitated the development of alternative energy sources. In this regard, biomass-derived fuels (biofuels) have received considerable interest, in particular biodiesel, bioethanol, biomethanol, biogas, biosyngas, bio-oil and biohydrogen (Balat 2011) . Bioethanol compares well with current fossil fuel sources in terms of total energy production, with the added advantage of a reduced environmental impact (Pradhan and Mbohwa 2014; Sarris and Papanikolaou 2016) . However, the high cost of exogenous enzymes required for biomass hydrolysis represents one of the most important techno-economical hurdles for the large-scale production of bioethanol (Kumar and Singh 2016) . Corn is an attractive low-cost feedstock, because of properties such as chemical stability, nontoxicity and a high reactivity, and it is currently the largest industrial starch-based feedstock for bioethanol production in the USA (Burrell 2003; Wang et al. 2012; Den Haan et al. 2013) . The conventional hydrolysis of raw starch involves gelatinisation, liquefaction and saccharification steps. Gelatinisation increases the susceptibility of the polymer to enzymatic hydrolysis, but this is an energyintensive process that accounts for a substantial portion of the production cost.
Starch consists of 20%-30% amylose and 70%-80% amylopectin (Yamada et al. 2009 ), both comprising of mainly α-1,4 linked glucose units. Amylose contains occasional α-1,6 branching points, while amylopectin is highly branched (Burrell 2003; Stevnebøa, Sahlströmb and Svihusa 2006) . The synergistic action of α-amylases (EC 3.2.1.1) and glucoamylases (1,4-α-D-glucan glucohydrolase; EC 3.2.1.3) results in the conversion of amylose and amylopectin into short oligosaccharide chains (dextrins of 10 to 20 glucose units in length), glucose and maltose units (Van der Maarel et al. 2002; Robertson et al. 2006; Puspasari et al. 2013) . The α-amylases contribute to the liquefaction of starch, whilst the glucoamylase activity predominantly results in the saccharification of the resulting oligosaccharides (Robertson et al. 2006) . Furthermore, starch hydrolysis with raw starch-hydrolysing amylases eliminates the requirement for a heating step (and the associated costs) to ensure starch gelatinisation (Kaneko, Ohno and Ohisa 2005; Omemu et al. 2005; Nurachman et al. 2010; Puspasari et al. 2011) .
Cost-effective bioethanol production requires consolidated bioprocessing (CBP) whereby liquefaction, saccharification and fermentation of raw starch occur in a single processing step through the action of a single organism (Van Zyl, ViljoenBloom and Viktor 2012; Favaro et al. 2013; Salehi Jouzani and Taherzadeh 2015) . The yeast Saccharomyces cerevisiae remains the ideal host organism for bioethanol production (Görgens, Bressler and van Rensburg 2014) , but the yeast does not produce endogenous amylases and is therefore unable to hydrolyse or utilise raw starch. Recombinant amylolytic yeast strains have thus been developed to allow for the simultaneous hydrolysis and fermentation of raw starch (Shigechi et al. 2002; Kim et al. 2010; Kim et al. 2011; Viktor et al. 2013) . However, most reports on raw starch conversion involved low substrate loadings or low conversion rates that are not economically viable on an industrial scale (Den Haan et al. 2013; Görgens, Bressler and van Rensburg 2014; Favaro et al. 2015) . Nevertheless, Viktor et al. (2013) and Shigechi et al. (2002) reported the construction of amylolytic yeast strains capable of effectively liquefying and saccharifying high concentrations (up to 200 g L -1 ) of raw starch to yield up to 70.07 g L -1 ethanol. The challenge remains to improve the starchto-ethanol conversion without the addition of exogenous enzymes. This requires either increased enzyme production by S. cerevisiae or increased specific activity of the extracellular α-amylase and glucoamylase enzymes (Den Haan et al. 2013) . The discovery of more effective raw starch hydrolysing amylases is therefore essential to improve amylolytic organisms for industrial use (Van Zyl et al. 2011; Aydemir et al. 2014) . In this study, the raw starch-hydrolysing α-amylase encoding genes from Aureobasidium pullulans (apuA), Aspergillus terreus (ateA), Cryptococcus sp. S-2 (cryA) and Saccharomycopsis fibuligera (sfiA) were expressed in the S. cerevisiae Y294 laboratory strain and evaluated in terms of extracellular α-amylase activity. The apuA and ateA genes were co-expressed with the previously reported As. tubingensis glucoamylase (glaA) encoding gene (Viktor et al. 2013 ) and the resulting strains evaluated for the conversion of raw starch to ethanol at a high substrate loading (200 g L −1 corn starch). The S. cerevisiae Y294[AmyA] and S.
cerevisiae Y294[AmyA-GlaA] strains previously reported (Viktor et al. 2013) were used as benchmark strains. The effect of different α-amylase and glucoamylase combinations, as well as commercial enzyme supplementation was also evaluated as a measure to improve the rate of ethanol production by the S. cerevisiae Y294[AteA-GlaA] strain.
MATERIALS AND METHODS

Strains, plasmids and cultivation conditions
The yeast and bacterial strains, as well as the plasmids used in this study are listed in Table 1 
Construction of recombinant strains
Standard protocols were followed for DNA manipulation (Sambrook, Fritsch and Miniatis 1989) Cho, Yoo and Kang (1999) and transformed with the linearised yBBH4 plasmid (digested with NruI) and the amplified ateA, apuA, cryA or sfiA gene products. Yeast-mediated ligation was used to obtain in-frame fusions of the respective ateA, apuA, cryA and sfiA truncated ORFs with the secretion signal of the Trichoderma reesei xyn2 gene (XYNSEC), to obtain plasmids yBBH4-ApuA, yBBH4-AteA, yBBH4-CryA and yBBH4-SfiA, respectively (Fig. 1) . Plasmid DNA was isolated from the respective S. cerevisiae transformants using the High Pure Plasmid Isolation kit (Roche Applied Science, Germany) and transferred to chemically Table 2 . PCR primers used in the study with the respective restriction sites underlined (NruI = tcgcga; XhoI = ctcgag). competent E. coli cells for propagation (Sambrook, Fritsch and Miniatis 1989) . The ENO1 P -apuA-ENO1 T cassette was excised from yBBH4-ApuA with BamHI and BglII restriction endonucleases and cloned into the BamHI site of yBBH1-GlaA, yielding yApuA-GlaA ( Fig. 1) . Similarly, the ENO1 P -ateA-ENO1 T cassette was subcloned from yBBH4-AteA into either the BamHI or BglII sites of yBBH1-GlaA, to obtain the yAteA-GlaA and yGlaA-AteA constructs. All plasmids were transformed to S. cerevisiae Y294.
Protein analysis
Recombinant S. cerevisiae Y294 strains were cultivated in 20 mL SC −URA medium for 3 days. The cells were harvested by centrifugation and 20 μL of the supernatant was denatured at 100 • C for 3 min in the presence of a protein denaturing loading dye (Sambrook, Fritsch and Miniatis 1989) . The protein species were separated on an 8% SDS-PAGE gel using a 5% stacking gel and Tris-glycine buffer. Electrophoresis was carried out at 100 V for ±90 min at ambient temperature and protein species were visualised using the silver staining method (O'Connell and Stults 1997).
Amylase assays and enzyme characterisation
All recombinant S. cerevisiae strains were cultivated on SC −URA plates containing 2% soluble corn starch at 30
• C for 48 h. The plates were incubated overnight at 4
• C, resulting in the development of clear zones around colonies displaying extracellular α-amylase activity (Viktor et al. 2013) . The yeast transformants were inoculated in 20 mL 2 × SC -URA medium at 1 × 10 6 cells mL −1 and cultured in 125 mL Erlenmeyer flasks at 30
• C with agitation at 200 rpm. The double-strength media supports better biomass production (and therefore better enzyme production) and allowed for comparisons with previous reports based on the same growth medium. The supernatant was harvested at regular intervals and the extracellular amylase activity quantified with the reducing sugar assay (Miller 1959) , which involved 5-min hydrolysis of 0.2% soluble corn starch in 0.05 M citratephosphate buffer (pH 5) at 30 • C. Absorbance was measured at 540 nm using a microtitre plate reader (xMark Microplate Spectrophotometre, Bio-Rad, San Francisco, USA). Enzyme activity was expressed as U mL −1 supernatant, with one unit defined as the amount of enzyme required to release 1 μmole of glucose per minute. Reducing sugar assays were conducted for the ApuA and AteA enzymes at varying pH values (3.45; 4,00; 5.13; 6.27; 7,41 and 8.00). The activity was expressed as a percentage relative to the highest level of activity. Temperature stability of the enzymes was determined by adding 0.05 M citrate-phosphate buffer (pH 5) to the respective supernatants and incubating them at 30
• C for up to 120 h before measuring the residual enzyme activity. Cell biomass was expressed as dry cell weight as per Den Haan et al. (2007) .
Fermentation studies
Fermentation experiments were performed in 120 mL glass serum bottles as described by Viktor et al. (2013) , with rubber stoppers ensuring oxygen-limited conditions. The 10% pre-cultures (10 mL of a stationary culture) of S. 
High performance liquid chromatography analysis
Ethanol, glycerol, acetic acid and glucose levels were quantified with high performance liquid chromatography (HPLC), using a Surveyor Plus liquid chromatograph (ThermoScientific, South Africa) consisting of a LC pump, autosampler and Refractive Index Detector. The compounds were separated on a Rezex RHM Monosaccharide 7.8 × 300 mm column (00H0132-K0, Phenomenex) at 80 • C with 5 mM H 2 SO 4 as mobile phase at a flow rate of 0.6 mL min −1 .
The theoretical CO 2 concentrations were based on the ethanol concentrations as per HPLC analyses. The glucose equivalent is defined as the mass of glucose resulting from the complete hydrolysis of starch, i.e. 1.11 g of glucose per gram of starch. The available carbon (mole carbon in 100% hydrolysed substrate) was calculated based on the available glucose equivalents and the carbon conversion is defined as the percentage starch converted on a mole carbon basis. Carbon conversion was calculated from ethanol, glucose, maltose, glycerol, acetic acid and CO 2 concentrations. The ethanol yield (% of the 
RESULTS
Strain construction
The 
Enzyme characterisation
All the recombinant S. cerevisiae Y294 strains evaluated in this study were able to hydrolyse soluble starch as demonstrated by zones of hydrolysis in plate assays ( Fig. 2A) , which is a qualitative indicator of extracellular hydrolytic activity. After 3 days of cultivation in liquid 2 × SC −URA medium, SDS-PAGE analysis of the extracellular crude proteins (Fig. 2B) (Fig. 3A) , and were selected for further evaluation. The strains expressing the CryA and SfiA α-amylases showed little or no extracellular activity on soluble corn starch (liquid assays, Fig. 3A ) and were omitted from further evaluation.
Both the ApuA and AteA α-amylases performed best at pH 4 to 5 (Fig. 3B) , which is the pH typically used for fermentation studies (Sharma and Satyanarayana 2013) . Temperature stability assays indicated that both enzymes retained more than 75% of their enzyme activity after 5 days at 30
• C (Fig. 3C ), suggesting stability at typical fermentation conditions. Similar growth profiles (data not shown) were obtained for all strains.
The glaA and ateA genes were co-expressed in two different gene positions on the yBBH4 episomal vector, producing the S. cerevisiae Y294[AteA-GlaA] and Y294[GlaA-AteA] strains, respectively. The S. cerevisiae Y294[AteA-GlaA] strain displayed 1.15 U mL −1 of extracellular amylase activity after 48 h, whereas Y294[GlaA-AteA] displayed 1.70 U mL −1 after 72 h (Fig. 3D ). Both strains carrying the double constructs produced significantly less amylase activity than the S. cerevisiae Y294[AteA] strain (2.98 U mL −1 as shown in Fig. 3A ). This could be a result of the lower copy number of the larger vector carrying the double constructs, but copy numbers were not quantified. (Fig. 4C) . Supplementation of the S. cerevisiae (Table 3 ). The glucoamylase and STARGEN 002 supplementation resulted in less maltose accumulating in the cultivation medium, especially at the onset of fermentation (Fig. 4D) . When S. cerevisiae Y294[BBH4] was supplemented with the full STAR-GEN 002 dosage (28.3 μL), the maltose concentration remained low and never exceeded 0.90 g L −1 (Fig. 4D ).
Fermentation of raw starch
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DISCUSSION
Bioethanol production from raw starch via CBP requires yeast strains that produce high levels of amylolytic enzymes with high enzyme specificities. The S. cerevisiae Y294[AmyA-GlaA] strain reported by Viktor et al. (2013) showed potential (yielding 53.02 g L −1 ethanol after 10 days), but the 58% starch conversion was too low to be considered for commercial application. Other fungal enzymes have been evaluated, including native and codon-optimised genes, but codon optimisation only improves expression of some genes in S. cerevisiae (Cripwell, Rose and van Zyl 2017) . In our search for alternative enzymes, a variety of native α-amylase encoding gene sequences (ateA, apuA, cryA and sfiA) were expressed in S. cerevisiae Y294 under the transcriptional control of the ENO1 promoter and terminator sequences, whilst the T. reesei xyn2 secretion signal (XYNSEC) was used to direct secretion of the α-amylases (Fig. 1) . The best-performing α-amylase strains were S. cerevisiae Y294[AteA] and S. cerevisiae Y294[ApuA], expressing the α-amylases of As. terreus and A. pullulans, respectively (Fig. 3A) , with S. cerevisiae Y294[AteA] producing 2.97 U mL −1 extracellular α-amylase activity at 48 h. There were significant differences in the final activities of the four recombinant enzymes; at 72 h, the activity levels of the investigated α-amylases varied between <0.01 and 2.98 U mL −1 under the described assay conditions. Although the starch plate assay indicated activity for the CryA enzyme ( Fig. 2A) , the faint protein species on the SDS-PAGE and low levels of extracellular activity indicated that the enzyme might be cell wall associated. In contrast, the prominent SfiA protein species on SDS-PAGE, as well as large zone of hydrolysis during the plate assay ( Fig. 2A, B) , did not correlate with the low levels of extracellular enzyme activity (Fig. 3A) . Thus suggesting that SfiA may have a lower specific activity on cereal starch than the other enzymes, or that other enzyme properties influenced enzyme specificity. It is also important to note that the extracellular enzyme assays were performed at 30
• C, which is the growth temperature of S. cerevisiae and not at the recombinant enzymes' optimal temperature. This would have consequently influenced the specific activity of the enzymes. Temperature and pH are vital parameters for optimal microbial growth, but they also affect the activity and stability of extracellular enzymes. In this study, the pH optima for both ApuA and AteA were between pH 4 and 5 (Fig. 3B) , which is in the general optimal range for fungal α-amylases (Saha, Silman and Bothast 1993; Gupta et al. 2003; Robertson et al. 2006; Sethi et al. 2016) . The ApuA and AteA enzymes maintained most of their activity for up to 120 h at 30
• C (Fig. 3C) , indicating enzyme stability at standard fermentation temperatures (Sethi et al. 2016 ) and therefore potential application for ethanol production (Carrasco et al. 2016) . The high stability observed for the AteA and ApuA enzymes could be related to possible glycosylation of these enzymes (as suggested by the protein size), which generally contributes to protein structure, thermostability, protection against proteolytic attack as well as protein secretion (Kumar and Satyanarayana 2009) . The efficacy of the AteA enzyme on raw starch was evaluated by co-expression of the ateA and glaA genes, with the gene cassettes separated by a 270 bp spacer region (Sadie et al. 2011) . Two configurations for the co-expression of the genes on the same vector were evaluated, namely AteA-GlaA and GlaA-AteA (Fig. 1) . The S. cerevisiae Y294[AteA-GlaA] strain produced more reducing sugars on cooked starch than the Y294[GlaA-AteA] strain (Fig. 3D) , which indicates that the position of the gene cassettes on the vector may affect the expression level of the individual genes. Despite the difference in enzyme activities, the strains performed similarly throughout the raw starch fermentation (Fig. 4) . The As. terreus AteA (2.98 U mL −1 , Fig. 3A ) displayed a 40% higher volumetric α-amylase activity than the As. tubingensis AmyA (Viktor et al. 2013) (Fig. 4C) . When the culture medium was supplemented with 10% of the recommended STARGEN 002 enzyme loading, ethanol production by S. cerevisiae Y294[AteA-GlaA] was on par with that of the S. cerevisiae Y294[BBH] control strain supplemented with the full recommended STARGEN 002 enzyme loading due to the abundance of hydrolytic enzymes at the onset of fermentation (Fig. 4A, B) . These results suggested that at least 90% of the commercial STARGEN 002 could be replaced by the AteA and GlaA recombinant enzyme combination. However, in the absence of exogenous amylases, the S. cerevisiae Table 3 . Conversion of 200 g L −1 raw starch and 5 g L −1 glucose a to ethanol and by products by S. cerevisiae strains after 6 days (biomass accumulation was not taken into account). However, the extra glucoamylase yielded lower maltose and higher glucose residual concentrations than the STARGEN 002 supplementation, which suggested that the exo-acting glucoamylase improved hydrolysis at the α-1,4 glucosidic linkages, thus releasing more β-d-glucose from the non-reducing ends of starch. It therefore seems likely that the exogenous glucoamylase activity was more specifically directed towards the remaining oligosaccharides than the activities provided by STARGEN 002. In contrast to suggestions that α-amylase plays a more critical role than glucoamylase when hydrolysing raw starch (Görgens, Bressler and van Rensburg 2014) , our results indicated that S. cerevisiae Y294[AteA-GlaA] did not produce enough glucoamylase activity for optimal starch conversion. The S. cerevisiae Y294[AteA-GlaA] strain would therefore benefit from increased expression of glaA, another glucoamylase with a higher specific activity on raw starch, or the addition of a maltaseencoding gene (Asoodeh, Chamani and Lagzian 2010) . Supplementation of S. cerevisiae Y294[AteA-GlaA] with either glucoamylase or STARGEN 002 resulted in lower levels of maltose during the first 3 days of fermentation (Fig. 4D ). This indicated that more maltose units were hydrolysed by glucoamylolytic action, thus increasing the available glucose for fermentation to ethanol-and therefore a more efficient carbon conversion.
During the course of fermentation, yeast cells are subjected to different stress conditions, (Sousa et al. 2012) . In order to adapt, the cells trigger stress responses (e.g. production of glycerol and acetic acid) that enable them to proliferate despite these conditions. Glycerol generally acts as an osmotic stabiliser, whereas acetic acid inhibits yeast growth, ultimately inhibiting the fermentation process and limiting process productivity (Arneborg, Moos and Jakobsen 1995; Phowchinda, Délia-Dupuy and Strehaiano 1995; Lee, Iyer and Torget 1999; Palmqvist and Hahn-Hägerdal 2000; Sousa et al. 2012) . The accumulation of glycerol and acetic acid (Table 3) , which typically accompanies the increase in ethanol concentration, divert carbon away from ethanol production and thus resulted in lower than expected ethanol yields.
The residual glucose concentrations at the end of the fermentation (Fig. 4C ) indicated that the amylolytic enzymes remained active and that incomplete starch conversion (Table 3) is not due to enzyme inhibition (by ethanol) or substrate recalcitrance. The ethanol concentration plateaued after 6 days despite the glucose accumulation (Fig. 4A, C) . This suggested that other factors may also have influenced ethanol production, such as the host strain's sensitivity to ethanol at temperatures higher than 30
• C (normal growth temperature for the S. cerevisiae Y294 strain is 26 • C). Ethanol negatively affects enzymes of the glycolytic pathway (particularly hexokinases), which consequently reduces the fermentation rate (Alexandre et al. 2001) . The fluidity of the plasma membrane is also affected, which disrupts nutrient transport into the cell (Nagodawithana and Steinkraus 1976; Baeyens et al. 2015) . Industrial strains such as S. cerevisiae Ethanol Red that display higher levels of ethanol tolerance have thus been developed and are commonly used in combination with industrial enzyme cocktails such as STARGEN 002. This study, however, is the first report of an amylolytic laboratory strain that produced high levels of ethanol and a high carbon conversion of raw starch using only 10% of the recommended STARGEN 002 dosage. Expression of the amylase encoding genes in an industrial strain under industrial fermentation conditions should therefore result in a higher ethanol yield and less glucose accumulation.
In conclusion, this study reports the first recombinant expression of the As. terreus α-amylase (AteA) in S. cerevisiae. The recombinant enzyme hydrolysed raw corn starch better than the previously described As. tubingensis α-amylase (AmyA, Viktor et al. 2013) under similar conditions, and demonstrated efficiency and stability under fermentative conditions. When the ateA gene was co-expressed with the As. tubingensis glucoamylase gene (glaA), the novel recombinant S. cerevisiae Y294[AteAGlaA] strain was able to convert 200 g L −1 raw corn starch to 45.77 g L −1 ethanol. It is the first report of an amylolytic strain that could replace at least 90% of the enzymes required for the conversion of raw corn starch (as per the recommended STARGEN 002 enzyme cocktail dosage). However, the study also suggested that the specific combination and/or the relative concentrations of the α-amylase and glucoamylase were not able to achieve complete raw starch hydrolysis. Our results indicated that raw starch hydrolysis could be improved upon by the addition of an exogenous glucoamylase. It is plausible that expression of glaA at higher levels could have a similar effect, which could be further investigated. This work therefore supports the development of an energy-efficient, single-step conversion of raw starch to ethanol, which represents significant progress towards the realisation of a CBP yeast for starch-based biofuel production that does not require the addition of heat or exogenous amylases.
